1. The properties of a well-defined type of GABAergic local circuit neuron, the axo-axonic cell (n = 17), were investigated in rat hippocampal slice preparations. During intracellular recording we injected axo-axonic cells with biocytin and subsequently identified them with correlated light and electron microscopy. Employing an immunogold-silver intensification technique we showed that one of the physiologically characterized cells was immunoreactive for ,),-aminobutyric acid (GABA).
1. The properties of a well-defined type of GABAergic local circuit neuron, the axo-axonic cell (n = 17), were investigated in rat hippocampal slice preparations. During intracellular recording we injected axo-axonic cells with biocytin and subsequently identified them with correlated light and electron microscopy. Employing an immunogold-silver intensification technique we showed that one of the physiologically characterized cells was immunoreactive for ,),-aminobutyric acid (GABA).
2. Axo-axonic cells were encountered in the dentate gyrus (n = 5) as well as subfields CA3 (n = 2) and CA 1 (n = 10). They generally had smooth, beaded dendrites that extended throughout all hippocampal layers. Their axons ramified densely in the cell body layers and in the subjacent stratum oriens or hilus, respectively. Tested with electron microscopy, labeled terminals (n = 53) established synapses exclusively with the axon initial segment of principal cells in strata oriens and pyramidale and rarely in lower radiatum. Within a 400-JLm slice a single CAl axo-axonic cell was estimated to be in synaptic contact with 686 pyramidal cells.
3. Axo-axonic cells (n = 14) had a mean resting membrane potential of -65.1 mY, an average input resistance of 73.9 MO, and a mean time constant of 7.7 ms. Action potentials were of short duration (389-JLs width at half-amplitude) and had a mean amplitude of 64.1 mY.
4. Nine of 10 tested cells showed a varying degree of spike frequency adaptation in response to depolarizing current injection. Current-evoked action potentials were usually curtailed by a deep (10.2 mY) short-latency afterhyperpolarization (AHP) with a mean duration of 28.1 ms.
5. Cells with strong spike frequency accommodation (n = 5) had a characteristic firing pattern with numerous spike doublets. These appeared to be triggered by an underlying depolarizing afterpotential. In the same cells, prolonged bursts of action potentials were followed by a prominent long-duration AHP with a mean time constant of 1.15 s.
6. Axo-axonic cells responded to the stimulation of afferent pathways with short-latency excitatory postsynaptic potentials (EPSPs) or at higher stimulation intensity with up to three action potentials. Axo-axonic cells in the dentate gyrus could be activated by stimulating the CA3 area as well as the perforant path, whereas in the CAl area responses were elicited after shocks to the perforant path, Schaffer collaterals, and the stratum oriens-alveus border.
7. In the CAl area the EPSP amplitude increased in response to membrane hyperpolarization. A more complex pattern of voltage sensitivity was apparent in the dentate gyrus. In CA 1 cells bath-application of the N-methyl-D-aspartate (NMDA) receptor antagonist DL-2-amino-5-phosphonopentanoic acid (n = 2) had little or no effect on the control EPSP, whereas the non-NMDA receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (n = 2) resulted in a massive reduction of the EPSP amplitude. Thus axoaxonic cells receive glutamatergic excitatory input that is largely mediated by non-NMDA receptors.
8. Suprathreshold synaptic stimuli elicited inhibitory postsynaptic potentials (IPSPs) in axo-axonic cells. These were composed of an early IPSP A (peak latency 28.9 ms) that reversed at -66 .5 mY and a late IPSP B (peak latency 124.8 ms) with a mean duration of 671 ms. This suggests that axo-axonic cells receive inhibitory GABAergic input.
9. In conclusion, axo-axonic cells reveal several response properties commonly associated with interneurons. However, despite their morphological homogeneity they display variability in their responses in vitro. Their synaptic activation suggests that all major hippocampal afferents can activate axo-axonic cells concomitantly with their postsynaptic principal cell targets.
INTRODUCTION
Axo-axonic cells constitute a class of local circuit neurons that is unique to the cortex, including the hippocampal formation (reviewed in Somogyi 1989) . Moreover, their widespread distribution in a variety of sensory and associational neocortical areas, in the hippocampal subfield CAl as well as in the dentate gyrus (Fairen and Valverde 1980; Freund et al. 1983; Kisvarday et al. 1986; Marin-Padilla 1987; Somogyi 1977; Somogyi et al. 1983 Somogyi et al. , 1985 Frotscher 1989, Soriano et al. 1990) suggests that axo-axonic cells carry out an operation fundamental to the function of the cortical circuit. They are characterized by smooth or sparsely spinous dendrites, a feature which they however share with a variety of other local circuit cells. Like several other types of interneurons, axo-axonic cells utilize the neurotransmitter ),-aminobutyric acid (GABA), and thus it has been proposed that they may subserve an inhibitory role (Somogyi et al. 1985; Soriano and Frotscher 1989) . The distinctiveness of the axo-axonic cell is therefore due to a high degree of synaptic target specificity. Axoaxonic cells exclusively innervate the axon initial segments of principal cells, that is, either pyramidal cells or granule cells of the dentate gyrus, respectively (Somogyi 1977; Somogyi et al. 1983; Soriano and Frotscher 1989; Soriano et al. 1990) . Thus it appears that the output of interneurons can be regarded as their specific "signature."
In view of the rather strict layering of afferent as well as efferent pathways, the hippocampus is ideally suited for the study of principles of cortical synaptic organization. Indeed, in the dentate gyrus at least five highly distinct types of local circuit neurons may be discriminated (Han et al. 1993 ). Three of them pinpoint different segments of the granule cell's dendritic arbor and may thus be able to inter-act locally and specifically with particular excitatory input synapses . In contrast, Ramon y Cajal's (1893) classical basket cell targets the cell body and dendritic stem and may therefore govern the somatic integration of inputs. Finally, the terminals of the axo-axonic cell are closest to the initiation site of the action potential and may thus control overall output and firing rate (Douglas and Martin 1990) .
The anatomic complexity and diversity of local circuit neurons raises the obvious question of whether the selectivity in their connections is reflected in their physiological properties. The first progress in this direction was made by a number of studies on physiologically and, to some extent, morphologically identified interneurons, providing evidence that they may have membrane and firing properties that discriminate them from principal cells (Ashwood et al. 1984; Knowles and Schwartzkroin 1981; McCormick et al. 1985; Schwartzkroin and Kunke11985; Schwartzkroin and Mathers 1978) . A short-duration action potential, a brief time constant, a deep, short-latency afierhyperpolarization, and little or no spike frequency adaptation are several of the features that were found to set interneurons apart from principal cells (recently reviewed in Connors and Gutnick 1990; Scharfman 1992) . However, although interneurons may be grouped physiologically into a broad class of cells, subsequent studies have refined this view by providing evidence for their functional diversity. For example, in the hippocampal region CA 1 it was recently recognized that interneurons in the pyramidal cell layer differed in their physiological properties from interneurons in the stratum lacunosum-moleculare (Kawaguchi and Hama 1987, 1988; Lacaille and Schwartzkroin 1988a) . Moreover, the membrane properties of stratum oriens-alveus interneurons differ from the former two classes of local circuit cells (Lacaille and Williams 1990) . Not only do these cells differ in their biophysical properties, but double recording experiments have also indicated differences in their effects on postsynaptic pyramidal c~us stratum lacunosummoleculare interneurons appear to evoke the late component of the inhibitory postsynaptic potential (IPSP; Lacaille and Schwartzkroin 1988b; Lacaille et al. 1989) , whereas oriens-alveus and pyramidal cell layer interneurons may predominantly mediate the early phase of the IPSP (Knowles and Schwartzkroin 1981; Lacaille et al. 1987; Miles and Wong 1984; Miles 1990) .
Although these findings indicate the physiological heterogeneity of interneurons, distinct subclasses such as the axoaxonic cell still await physiological characterization. Because their recognition requires light and electron microscopic analysis their physiological properties can only be evaluated in combination with intracellular labeling techniques. In the present study we pursued this strategy by employing recording electrodes containing biocytin and subsequently processing physiologically characterized hippocampal interneurons for correlated light and electron microscopy. From a large sample of morphologically diverse local circuit cells (n > 80) we extracted a total of 17 axo-axonic cells for subsequent analysis oftheir properties. Preliminary data has been presented in abstract form .
METHODS

Slice preparation
Young adult female Wistar rats were deeply anesthetized with a mixture of inhaled ether and intramuscularly injected ketamine. The animals were intracardially perfused with -30 ml of chilled artificial cerebrospinal fluid (ACSF). After perfusion the brain was quickly removed and transferred to a beaker with chilled, oxygenated ACSF. The brain was hemisected and after the frontal pole had been removed the cut end of the respective hemisphere was attached with cyanoacrylate glue to the stage of a vibroslice (Campden Instruments). Submerged in chilled ACSF, the tissue was sectioned at 400-p;ffi thickness in the horizontal plane. Subsequently the hippocampus and temporal cortex were removed from the sections and transferred to an interface-type recording chamber where they were kept at 34-35°C on a nylon mesh at the interface between oxygenated ACSF and a humidified atmosphere saturated with 95% O2-5% CO2 • The flow rate was maintained at 1.5 ml/min. Slices were allowed;;:: 1 h to equilibrate before recording. Normal ACSF was composed of (in mM) 126 NaCl, 3.0 KCI, l.25 NaH2P04 , 24 NaHC03, 2.0 MgS04 , 2.0 CaCI2 , and 10 glucose. During the initial stage (perfusion, cutting, and incubation) of most experiments the ACSF was modified according to Aghajanian and Rasmussen (1989) by replacing all NaCl (126 mM) with equimolar sucrose (252 mM). Thus passive chloride entry, which is presumed to be acutely responsible for neurotoxicity during slice preparation, is prevented. Only after 30 min of incubation in this modified ACSF was perfusion with normal ACSF started. On a subjective scale it appeared that the proportion and duration of viable recordings increased, whereas the physiological properties of neurons remained unchanged.
Intracellular recordings
Micropipettes were pulled from standard wall borosilicate tubing and filled with 2% biocytin (Horikawa and Armstrong 1988) in l.5 M KCH3S04 • These electrodes were beveled to a final DC resistance of 80-150 MQ. In the experiments recordings were obtained in the hilus or granule cell layer of the dentate gyrus and in the pyramidal cell layer of the Ammonic subfields CA3 and CA 1. Cell types were classified on the basis of their physiological response properties. Putative interneurons were tentatively identified because of their distinct characteristics, such as short-duration action potentials, which were always followed by a deep short-latency afterhyperpolarization (AHP), a high rate of firing and, in several instances, only moderate spike frequency adaptation. Recordings were obtained with either an Axoclamp 2A or Axoprobe amplifier (Axon Instruments) operated in the bridge mode. Experimental data were digitized with a PCM instrumentation recorder adaptor and stored on videotapes. Data analysis was performed off-line with the aid of RC Electronics Computerscope software. Sampling rates varied between 1 and 10 kHz. Parameters are expressed as means ± SO.
Postsynaptic potentials were evoked with the use of bipolar tungsten electrodes (insulated in theta glass; 8 p'm diam wire; tip separation -50 p.m) via a stimulus isolation unit. Because of the small dimensions of these electrodes it was possible to place them more accurately in particular pathways. Their high resistance ( -1 MQ) could require ~40-V stimulation strength to elicit a maximal synaptic response. This would correspond to a current intensity of -40 p.A, which is well within the range reported by others.
Impalements not requiring the aid of steady hyperpolarizing current were accepted as stable recordings and could vary between 30 min and 6 h in duration. Biocytin was routinely ejected with 0.5-nA, 500-ms oNloFF depolarizing pulses, although in several instances diffusion from the electrode tip during long-duration impalements could also result in strong labeling. As a result of the prolongcd dcpolarization the response of several neurons deteriorated markedly during dye iontophoresis. This often resulted in the total or paltial loss of biocytin from cell bodies and dendlites, whereas the axon appeared remarkably well prcscrved as detected by subsequent histological examination. After dye filling wc determined the membrane potential as the potential change on withdrawal of the pipette from the cell to the slice surface. When the recording time was < 1 h the slices remained in the chamber for a further 30-60 min to allow sufficient transport of biocytin into the axon.
Histological processing
For fixation the slices were sandwiched between two Millipore filters and immersed overnight in 2.S% paraformaldehyde, 1.2S% glutaraldehyde, and IS% (vol/vol) saturated picric acid in 0.1 M phosphatc buffer (PB; 0.1 M) (Somogyi and Takagi 1982) . On the following day the tissue was briefly rinsed in PB and infIltrated with 10% and 20'!() sucrose. Then the slices were snap-frozen in liquid nitrogen and thawed in PB. After gelatin embedding (for details see Buhl 1992 ) the slices were resectioned at SO-to 60-,um thickness with the aid of a vibratome. The tissue was washed 3 X 10 min with PB, followed by 2 X 10-min rinses in tris(hydroxymethyl)aminomethane (Tris) (O.OS M; pH 7.4)-buffered saline (TBS). Subsequently the sections were incubated for 1 h with 20% normal swine serum (NS) in TBS and then transferred to 1 % avidin-biotinylated horseradish peroxidase complex CABC; Vector Laboratories) in TBS with 1 % NS added, where they remained overnight at 4 cc.
Un bound ABC was removed by 3 X 20-min washes in TBS and 2 X 20-min washes in Tris buffer (TB; pH 7.6) and then the sections were reacted for ~ 10 min in TB with O.OS% 3,3-diaminobenzidine tetrahydrochloride (DAB) and 0.01 'i\., hydrogen peroxidase addcd. Aftcr excess DAB had been washed out with TB (1 X 15 min) and PB (2 X 10 min) the sections were postfixed with 1% osmium tetroxide dissolved in PB. The tissue was thcn transferred to PB, washed 3 X 10 min in distilled water and block-stained with a 1 % aqueous solution ofuranyl acetate. After two further rinses in distilled water the sections were flattened between a slide and coverslip and subsequently dehydrated in an ascending series of ethanol. After 2 X 10 min in propylene oxide the material was infiltrated overnight with Durcupan (Fl uka ) . On the following day the sections were spread out on a slide and mounted under a coverslip.
The resin was polymerized for 48 h at 60 0 e.
After light microscopic analysis we reembedded tentatively identified axo-axonic cells for electron microscopic purposes (for details see Somogyi and Takagi 1982) . Labeled terminal branches of the axon were traced in serial sections to determine their postsynaptic targets. Ultrathin sections containing labcled terminal branches of a CA3 axo-axonic cell were immunostained with an antiserum directed against GABA using the same antiserum, controls, and a sensitive immunogold-silver intensification procedure as described earlier .
RESULTS
Anatomic identification ofaxo-axonic cells
Intracellularly recorded and biocytin-filled neurons were scrutinized with light microscopy for the presence of the following features: 1) smooth or sparsely spinous dendrites; 2) the axonal arbor mainly distributed in the lower half of the principal cell layer and the subjacent zone, i.e., upper stratum oriens or the polymorphic layer of the hilus, respectively; and 3) most importantly, terminal branches of the axon forming radially oriented rows (Figs. 1, 2, and 3, A and E). On the basis of these criteria 17 cells were tentatively identified as axo-axonic cells. From these, 5 were located in the dentate gyrus, 2 in the CA3 region, and the remaining 10 in subfield CA 1. In several instances a slice could also contain one or two labeled principal cells that were in close proximity to the filled axo-axonic cell, even when only one cell with the unmistakable electrophysiological characteristics of an interneuron had been recorded. This multiple labeling was attributed to some of the tracer diffusing into adjoining principal cells after the withdrawal of the recording electrode. Conversely, it seems rather unlikely that a pyramidal cell recording would display distinct interneuronal properties and concomitantly result in the spurious filling of one of the numerically sparse local circuit neurons. This is corroborated by the finding that numerous recordings that displayed the electrophysiological characteristics of principal cells did not result in the filling ofaxoaxonic or any other local circuit cells.
Subsequently we reembedded pieces ofaxo-axonic cells (n = 9) from all three regions for electron microscopy to verify whether their terminal boutons established synapses with the axon initial segment of principal cells. Altogether 53 labeled synaptic terminals were identified and they formed symmetrical synapses exclusively with the axon initial segment of principal cells. These results provide further evidence that axo-axonic cells may be readily discriminated because of their distinctive light microscopic features (Li et al. 1992; Somogyi et al. 1983 Somogyi et al. , 1985 and in our hands the light microscopic prediction unequivocally identified these neurons. It appeared therefore unnecessary to scrutinize the remaining eight cells at the electron microscopic level.
Morphologica!Ieatures ofaxo-axonic cells
The anatomy ofaxo-axonic cells in the dentate gyrus Han et al. 1993; Soriano and Frotscher 1989; Soriano et al. 1990 ) and subfield CA1 of Ammon's horn (Li et al. 1992a; Somogyi et al. 1983 Somogyi et al. , 1985 has been addressed previously. In these studies a number of discrepancies are apparent (e.g., the extent and distribution of the axon) but these are largely attributable to differences in visualization methods. Because the present paper is largely concerned with the physiological properties ofaxoaxonic cells only the most salient, novel, or physiologically relevant anatomic data will be summarized.
In general the dendrites ofaxo-axonic cells were varicose and smooth, although they occasionally displayed a few spines (Fig. 1) . Usually the cells gave rise to several primary dendrites that ramified further into secondary and tertiary branches. In all hippocampal sub fields a tuft of apically directed dendrites invaded the molecular layer (here understood as either the dentate molecular layer or the combined strata radiatum and lacunosum moleculare in Ammon's horn), frequently reaching the hippocampal fissure. In the CA 1 area a prominent tuft seems to be a feature that distinguishes axo-axonic cells from other stratum pyramidale interneurons (Buhl and Somogyi, unpublished data) . Interestingly, one axo-axonic cell in the hilar part of subfield CA3 (CA3c) had several dendrites that penetrated the granule cell layer and advanced into the dentate molecular layer (Fig. 2E) . Thus axo-axonic cells may be predisposed to receiving entorhinal and commissural associational input slm srad so FIG. 1. Intracellularly recorded and biocytin-filled axo-axonic cell in subfield CA 1 of the rat hippocampus. The cell was reconstructed with light microscopy from 5 X 60-/Lm-thick sections. The cell body that was located in the pyramidal cell layer (between -) gave rise to several dendrites that traversed stratum radiatum (srad) and formed a characteristic apical tuft in the stratum lacunosum moleculare (slm). A skirt of basal dendrites coursed through the stratum oriens (so). with their tips protruding into the alveus. The axon, which was only partially filled, formed a dense band of terminal branches in the lower half of and subjacent to the pyramidal cell layer. Properties of this cell are also shown in Figs. 4A, 6A, lOA, and 11, A, C, and D. Scale bar = 100 /Lm. in the dentate gyrus, whereas in the CA 1 area they may be contacted both by entorhinal afferents and the Schaffer collaterals originating in the CA3 area. Apart from their apical tuft, axo-axonic cells had slightly fewer basal dendrites that ramified in the hilus in the dentate or traversed the stratum oriens in Ammon's horn and invaded the superficial part of the alveus (Fig. 1 ). Therefore these dendrites may be selectively targeted by recurrent collaterals of granule cells or pyramidal cells, respectively.
The main axon usually emerged from the cell body, giving rise to several main branches (Figs. 1,2, and 3A). These were frequently myelinated ( Fig. 3D) and ramified above the cell body layer, then, taking a course parallel to the latter, traversed the lower part of the molecular layer. Eventually they gave rise to a dense network of terminal branches that were studded with numerous boutons (Fig. 3 , A and B). Characteristically the axonal arbor was highly laminated, occupying the lower half of the cell body layer and either the upper third of the stratum oriens or the subgranular hilus, respectively. Occasional varicosity-bearing collaterals in the stratum radiatum (Figs. 1 and 2) appeared to be aligned with the axons of ectopic pyramidal cells. We subsequently confirmed the correctness of this prediction by investigating one such branch in the stratum radiatum of area CAl in serial ultrathin sections. Three boutons were studied, all of which were in synaptic contact with a pyramidal cell axon initial segment. In Ammon's horn the maximal extent of the axonal arbor (within the horizontal plane) was determined to be 950 Ilm, whereas a dentate gyrus cell spread cS 1.1 mm along the granule cell layer. As an additional feature, all (n = 5) hilar dentate axo-axonic cells supplied large portions of the hilus with a dense meshwork of fibers, thus confirming the findings of Han et al. ( 1993) . Axo-axonic terminal branches were largely composed of distinct, orderly rows or fascicles of boutons that ran perpendicular to the laminar boundaries (Fig. 3, A and B). This feature was most conspicuous in the dentate gyrus (Fig. 3A) . whereas many of the terminal rows in Ammon's horn showed more oblique trajectories (Figs. 1,2, and 3B), presumably reflecting more divergent trajectories taken by the axon initial segment of pyramidal cells.
For the axo-axonic cell illustrated in Fig. 1 axon of a physiologically characterized axo-axonic cell in area CA 1. Because the axonal arbor of this cell was too dense to be represented by a composite drawing, the axon that was originally contained in a 400-/lm-thick slice was reconstructed at 4 separate levels (3 shown here) that can be superimposed on the pyramidal cell layer (pel). This cell was located at the subicular end of the CA1 area, where pyramidal cells form a compact layer below the stratum radiatum and an additional tier of more loosely arranged cells in the stratum oriens. This particular distribution pattern is reflected in the arrangement ofaxo-axonic terminal branches, which was also found in the lower stratum oriens. Note that terminal branches may take a rather oblique course, which reflects the trajectory of pyramidal cell axons. B: dendrites of an axo-axonic cell that was located in the hilar sector of subfield CA3 (CA3c). All primary dendrites could be traced through the hilus (hi) to the remnants of the cell body ( • ) in the pyramidal cell layer, which had disintegrated during the postfilling incubation period. The axon, however, remained intact and was subsequently verified to establish symmetrical synapses with the axon initial segment of CA3 pyramidal cells (Fig. 3) . Note that several dendrites traverse the granule cell layer (gel) and branch profusely in the molecular layer (ml) of the dentate gyrus. Scale bars = lOO /lm. estimate was made to determine the number of postsynaptic pyramidal cells. Previous electron microscopic evidence (Somogyi et al. , 1985 indicated that in Ammon's horn one cluster of terminals is predominantly associated with one initial segment only. Thus a count of terminal segments consisting of varicosities suggested that 686 ( corrected for the segments cut on the surface of sections) pyramidal cells received input from one axo-axonic cell within the 400-~m-thick slice.
Postsynaptic targets
In the electron microscope, biocytin labeled profiles were readily identified because of their content of an opaque reaction product. Vesicle-containing boutons established exclusively symmetrical (type 2) synaptic contacts with their respective postsynaptic targets (Fig. 3, C and F) . These were all identified as axon initial segments because of the presence of an electron dense membrane undercoating and! or fascicles of microtubules. However, differences were observed in the fine structural characteristics of the axon initial segments when compared with those obtained from perfusion-fixed brains. With increasing in vitro survival time the undercoating tended to diminish and the microtubule fascicles generally separated into individual microtubules. From a total of nine cells 53 synapses were identified as forming axo-axonic synaptic junctions with axon initial segments. None of the tested biocytin-filled boutons made synapses with any other target, i.e., somata or dendrites, even when these were in direct membrane apposition to the bouton. Some axo-axonic cells had rows of boutons in lower stratum radiatum in the CAl area ( Fig. 2A) . To establish their postsynaptic targets we serially sectioned one row from the axon shown in Fig. 2 and studied it with electron microscopy. The row of boutons followed an axon initial segment and three of the boutons could be shown to form synaptic junctions with it. Such initial segments probably belong to disoriented axons or they derive from ectopic pyramidal cells located in stratum radiatum. These findings confirm the notion that the output ofaxo-axonic cells is highly specific, and beyond, that their light microscopic features are sufficiently distinctive to permit their unequivocal identification. Therefore the remainder of eight cells was accepted without being scrutinized in the electron microscope.
GABA immunoreactivity a/identified axo-axonic cells
There is evidence that in slices maintained under in vitro conditions the overall amount of GAB A gradually decreases during the incubation period (Mihaly et al. 1991) . In slice material conventional postembedding methods for the immunocytochemical demonstration of GABA that employ secondary antibodies conjugated to 5-to 40-nm gold particles may thus result in a low signal-to-noise ratio. These technical difficulties were resolved by using a I-nm gold conjugated secondary antiserum and visualizing the latter by silver intensification (for detailed discussion and control reactions see Halasy and Somogyi 1993) . When visualized in the electron microscope, biocytin-filled GABA-positive terminals were characterized by large ovoid terminal branches (t) ofaxo-axonic cells have a distinct light microscopic appearance. They are composed of bouton-studded terminal rows that run perpendicular to the boundaries of either the granule cell layer or the pyramidal cell layer. When compared with subfield CA I (B) the arrangement of terminals in the dentate gyrus (A) are more orderly, reflecting axonal trajectories of the principal cells. Arrowheads in A: main branches of the axon. C: identified terminal of an axo-axonic cell in subfield CA3, which established a symmetrical synapse ("') with an axon initial segment (ais). The latter is identified by its tine structural characteristics, such as the presence of microtubule fascicles (mO. Unlabeled terminals of similar character were also found in synaptic contact ( f\, ) with the same initial segment, indicating the convergence of several axo-axonic cells on I common target. D: main branches ofaxo-axonic cell axons (white asterisk) were frequently myelinated. Eand F: serial sections ora synaptic bouton (*) of the axo-axonic cell shown in Cand D. The section in E was reacted to reveal ),-aminobutyric acid (GABA) immunoreactivity using a silver intensification immunogold method. The high density of electron dense metal particles over the labeled and neigh boring boutons demonstrates that they contain GABA. The unreacted section in F demonstrates the synaptic contact (arrowhead). Scale bars in A and B ~ 15 J.Lm; in C-F ~ 0.5 J.Lm. E and F at same magnifIcation. The cell shown in C-F is illustrated in Fig. 2 B . vesicles and were selectively labeled with irregularly shaped A silver-intensified gold pm1icles (Fig. 3 E) .
Membrane properties
Recordings were judged acceptable for the analysis of membrane properties when cells had a stable resting membrane potential (RMP) exceeding -55 mV without requiring steady hyperpolarizing current injection. Thus, from a total of 17 cells, 3 cells were subsequently rejected from analysis. Apart from being relatively depolarized, these cells showed other signs of neuronal injury, such as low input resistance or wide and low-amplitude action potentials. The remainder (n = 14) had a mean RMP of -65.1 ± 3.9 (SO) mY, ranging from -59 to -73 mY.
Membrane time constants were calculated from averages of typically O.I-nA, 200-ms hyperpolarizing pulses as the time necessary to reach e-1 (63%) of the maximum voltage deflection. Axo-axonic cells had a mean time constant of 7.7 ± 3.8 ms, ranging from 3.1 to 17.1 ms. The input resistance of the cells was determined from averages ofO.1-nA, 200-ms hyperpolarizing pulses (Fig. 4A ). Measurements were taken at the plateau of the voltage response and ranged from 38 to 116 MQ. They were, on average, 73.9 ± 23.8
MQ. When we injected families ofhyper-and depolarizing current pulses, the majority ofaxo-axonic cells showed no inward rectification in either hyper-or depolarizing direction (tested between firing threshold and approximately -100 mV membrane potential). Diverging from this general pattern, one hilar axo-axonic cell showed a decrease of its membrane resistance from 70 to 55 MQ when being hyperpolarized (Fig. 9 D) . Occasionally cells showed a small sag in the later part of the voltage response, indicating a modest degree of time-dependent inward rectification (Fig. 9C) . Anodal break excitation was usually absent.
Firing properties ACTION POTENTIAL. In contrast to pyramidal cells, axo-axonic cells have nonovershooting action potentials with a mean amplitude of 64.1 ± 7.1 m V (n = 13) when measured from baseline. Measured at half-amplitude, action potentials had a mean duration of 389 ± 86 IlS, which was largely due to a relatively high rate of fall, being only marginally slower than their rate of rise (Fig. 4B) . Apart from one cell in the CA3 area, axo-axonic cells rarely fired spontaneously. Several cells did, however, display numerous spontaneous synaptic events, which differed markedly from concomitantly recorded excitatory postsynaptic potentiais (EPSPs) in pyramidal cells because of their fractionated appearance (Fig. 4D) .
REPETITIVE FIRING. The presence of spike frequency adaptation was investigated in 10 axo-axonic cells by injecting 0.1-to 0.7-nA, 200-ms and! or 500-ms depolarizing current pulses (Fig. 5) . r n one cell the rate of firing increased by 17%, whereas the remainder (n = 9) exhibited various degrees of spike frequency adaptation. When the decline in the firing rate is expressed as the percentage difference between the first and last interspike interval, the decrement in Fig. I ) in subfield CA!. Responses were superimposed after the injection of hyperpolarizing pulses in -O.I-nA increments. Band C: averaged action potentials in a hilar axo-axonic cell. Low-frequency spontaneous discharge was elicited by depolarizing the cell to firing threshold with the injection of constant depolarizing current. The cell had a short-duration action potential (0.31 ms at half-amplitude) that was followed by a deep. short-latency hyperpolarizing afterpotential (fARP) that decayed within 31 ms back to baseline. Note the fast rate of spike rcpolarization and the absence of a depolarizing afterpotential. D: spontaneous synaptic events were simultaneously recorded from a pyramidal cell ( I; membrane potential -71 mY) and an axo-axonic cell (2; membrane potential 72 mY) in the CA3 area. The excitatory postsynaptic potentials (EPSPs) in the axo-axonic cell were fractionatcd and appeared to be composed of a few relatively large events.
the rate of firing could vary between 2.5% and 81 %, with a mean of 39.4 ± 28.0%. This variability in the reduction of the firing rate is illustrated in Fig. 5 , which shows the difference between an almost nonadapting dentate gyrus cell (Fig. 5, A-C) and a strongly adapting cell in subfield CA 1 (Fig. 5, D-F) . Interestingly, the mode of adaptation in the most strongly accommodating axo-axonic cells in subfield CA1 (n = 4; mean adaptation of 71 %) differed markedly from what is commonly observed in pyramidal or granule cells (Dudek et al. 1976; Fricke and Prince 1984; Kandel and Spencer 1961; Madison and Nicoll 1984; Staley et al. 1992) . The firing pattern of these axo-axonic cells was characterized by an initial acceleration of their firing rate before they eventually startcd to accommodate (Fig. 5, D-F) . This initial increase in the cell's firing rate coincided with a conspicuous depolarizing wave or hump that peaked with a latency of29-53 ms (Fig. 5, D-F) .
SPIKE DOUBLETS ARE TRIGGERED BY A DEPOLARIZING
AFTERPOTENTIAL. During the period of marked spike frequency adaptation, several (n = 5) strongly accommodating axo-axonic cells revealed numerous spike doublets, here defined as an action potential followed by another with a relatively short latency (Fig. 6 ). All cells were located in subfield CA 1 and in physiological terms appeared to be healthy. Their average RMP was 67.4 ± 3.6 mY, their input resistance was 56.4 ± 16.4 Mn, and three of the cells could fire at >300 Hz. The duration of the doublet interval could range between 2.4 and 6.1 ms, with the following interspike interval being at least twice as long. Up to four distinct doublets occurred predominantly during the period of strong accommodation (Fig. 6A) . Alternatively, several doublets could be interspersed with single action potentials (Fig. 6B) . If so, the latter were invariably followed by a prominent depolarizing afterpotential (DAP) that had the same peak latency as the preceding doublet interval. Thus it appears that during the period of strongest spike frequency adaptation action potentials are succeeded by a prominent DAP that mayor may not be of sufficient amplitude to trigger a second, short-latency discharge. During the subsequent stages of a current pulse, strongly adapting axo-axonic cells resumed a regular firing pattern because the strength of the DAP was apparently not sufficient to elicit any further doublets. HYPERPOLARIZING AFTERPOTENTIALS. In all axo-axonic cells, current-induced action potentials were usually curtailed by a deep, short-latency hyperpolarizing afterpotential (fAHP) that appeared as a continuation of the spike repolarization (Figs. 4C and 5) . Occasionally, e.g., after spike doublets (Fig. 6B) , there was no apparent fAHP. 
EPSPs
For orthodromic and/ or antidromic activation of afferent and efferent pathways we placed a bipolar stimulation electrode into 1) the alveus/stratum oriens border at the subicular side of the recorded neuron, resulting in antidromic activation of CA 1 pyramidal cells and the stimulation of alvear afferents, such as commissural fibers (Fig. SAa) ; 2) the stratum radiatum at the CA3/CAl junction, thus activating Schaffer collaterals (Fig. SAb); 3) into the distinct myelinated fiber bundle that courses through the subiculum into the stratum lacunosum moleculare of the CAI region, thus activating perforant path fibers ( 
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dal cell layer of the proximal CA3 area, thus activating CA3 pyramidal cell input to the inner third of the dentate gyrus molecular layer and the hilus (Fig. SBa) (Li et al. 1994 ); and 5) for hilar axo-axonic cells, into the subicular perforant path bundles that were about to cross the hippocampal fissure (Fig. SBb) . Low-intensity stimulation from all activation sites resulted in short-latency EPSPs (Fig. S, A, B , Ca, and Cb), which could have several distinct peaks and appeared to be composed of several smaller EPSPs. With the same stimulation strength, the EPSP amplitude could fluctuate considerably. However, on average, EPSP amplitudes increased steadily with higher stimulation intensities. In the subthreshold range EPSPs were rarely contaminated by obvious IPSPs. Suprathreshold stimulation intensities normally elicited a single action potential ( (Fig. SCe) . In general, fAHPs after synaptically evoked action potentials were less conspicuous than current-evoked ones (Fig. S d d . cally investigated, the duration and amplitude of the lAHP nse tIme an uratlOn were apparent. were evidently correlated with both the burst duration and VOLTAGE DEPENDENCE OF EPSPs. We examined the voltage the total number of action potentials. The lAHP decayed sensitivity of subthreshold EPSPs in four cells by averaging fast initially before slowly approaching the baseline, sug-synaptic responses at different membrane potentials. In gesting an exponential decay. Therefore in three cells, one subfield CA 1 we examined three inputs, Schaffer collaterals of which is illustrated in Fig. 6 , several 300-to 500-ms depo- (Fig. 9A) , perforant path (Fig. 9 B) , and alvear stimulation larizing current pulses were averaged to reduce baseline (Fig. 9C) . Invariably the amplitude of the EPSP increased noise and eliminate fluctuations that were due to spontane-with successive hyperpolarization (Fig. 9, A-C) . When the ous synaptic events. The resulting averages of the IAHP mean EPSP amplitude was plotted against membrane po- (Fig. 7 B) were fitted with a single exponential that had a tential, there appeared to be a linear relationship. Therefore mean time constant of 1.15 ± 0.40 s.
a line was fitted to the data using linear regression ( On superimposition it is apparent that the EPSP after alvear stimulation had a shorter rise time and duration when compared with the Schaffer collateral EPSP (d) . B: averages of subthreshold EPSPs in a dentate axo-axonic cell (membrane potential -66 mY) after stimulation of the CA3 area (a) or the perforant path fiber bundles traversing the subiculum (b) . On superimposition it is obvious that the perforant path EPSP was characterized by a markedly slower rise time and duration than the EPSP resulting from CA3 region stimulation (c) . C: responses of a CAI axo-axonic cell (membrane potential -70 mV) after stimulation of the Schaffer collateral pathway. In the subthreshold range (a and b) increasing the stimulation intensity resulted in larger EPSP amplitudes. Graded suprathreshold stimuli (c-e) elicited .,;;3 action potentials. Moreover, stronger stimuli also decreased the latency between stimulus onset and the first action potential. Arrowheads: stimulation artifacts. Note that time base is as shown at bottom right except for Ad and Bc. Diverging from the pattern of voltage sensitivity found in the CA 1 area, the perforant path input to a dentate axo-axonic cell indicated a rather complex relationship between EPSP amplitude and membrane potential (Fig. 9, D and  F) . With the cell being hyperpolarized there was no obvious trend between EPSP size and membrane potential. However, close to the threshold the EPSP increased abruptly and rather markedly (Fig. 9F) . Note that in contrast to other axo-axonic cells this particular neuron showed marked inward rectification. in D) . In all traces> 3 successive events were averaged to reduce intertrial variability. In CAI the voltage sensitivity of all EPSPs appeared to be uniform. After stimulation of 3 different inputs, the Schaffer collateral pathway (A), the perforant path (B) , and the alveus (Cl. the EPSP amplitude increased with hyperpolarization. E: alvear EPSP amplitude appears linearly correlated with the membrane potential. With the aid oflinear regression a line was fitted to the data and the EPSP was extrapolated to reverse at 9.3 mV. D and F: in the dentate gyrus the voltage sensitivity of the perforant path EPSP was more complex. Note, however, the marked increase of the EPSP amplitude at more depolarized membrane potentiallcvels.
EXCIT;\ TORY AMli\'O ACID RECEPTORS. In three cells of the CAl region stimulation of the Schaffer collaterals (Fig. 10 , A and B; n = 2) and the alveus ( Fig. WC ; n = 1) elicited subthreshold EPSPs. Interestingly the averaged Schaffer collateral EPSP in one of the cells (Fig. lOA) revealed two peaks, a finding that was also observed in two further axoaxonic cells. The EPSPs showed the same voltage dependence illustrated in Fig. 10 , A-C. After the control responses had been monitored for?:: 10 min and were judged to be stable, two slices were superfused with a 30-~M solution of the N-methyl-D-aspartate (NMDA) receptor antagonist DL-2-amino-5-phosphonopentanoic acid (AP5; Fig.  10, B and C) . In the Schaffcr collateral EPSP AP5 resulted in a small-amplitude increase of the early EPSP, possibly because of the elimination of a polysynaptic IPSP, and an obvious reduction of the late EPSP (Fig. lOB) . In contrast, the alvear EPSP in a different axo-axonic cell was unaffected by AP5 application (Fig 10, Ca-Cc) . Subsequently, in the same cell, an additional 5 ~M of the non-NMDA excitatory amino acid antagonist 6-cyano-7 -nitroquinoxaline-2,3-dione (CNQX; Honore et al. 1988 ) was added to the superfusate, resulting in a dramatic reduction of the bath-application of 30 /LM DL-2-amino-5-phosphonopentanoic acid (AP5 ) decreased the late phase of the Schaffer collateral control EPSP (Bb and Bc). Interestingly, the early phase of the EPSP showed a small amplitude increase that maybe due to the reduction of a shunting polysynaptic inhibitory postsynaptic potential (IPSP). Ca-Cc: in a 3rd axo-axonic cell (-64 mY membrane potential) superfusion of 30 /LM AP5 had no effect on the alvear control EPSP, whereas an additional 5 /LM CNQX in the superfusate resulted in a 75% reduction of the EPSP amplitude. Ce and C f: after return to control ACSF the EPSP showed almost complete recovery. Arrowheads: stimulation artifacts, which have been removed for clarity.
EPSP amplitude (Fig. 10 Ch-Cd). At a higher concentration (10 JLM), CNQX was effective in almost obliterating the Schaffer collateral EPSP in a different cell (Fig. lOA) . In one instance (Fig. 10 , Ce and Cf) almost complete recovery of the control EPSP was achieved after perfusion with normal ACSF. In the two remaining cells concomitant monitoring of input resistance and time constant showed no changes during the period of drug application.
IPSPs
When activating any of the major afferent pathways, subthreshold stimulus intensities generally failed to elicit IPSPs > 1 mY in amplitude. Large-amplitude IPSPs were only recruited when the stimulus strength was adjusted to approximately twice the spike threshold. IPSPs were composed of an early IPSP A that peaked at 28.9 ± 5.0 ms latency (Fig. 11, A and C) , to be followed by a late IPSPB (mean duration 671 ± 37 ms) that attained its maximum at a mean latency of 124.8 ± 6.4 ms (Fig. 11 B) . Both components were readily distinguishable by varying the membrane potential. The early IPSP A began to reverse at a mean membrane potential of -66.5 ± 3.3 mY and further hyperpolarization resulted in response reversal (Fig. 11A) . In contrast, the late IPSP B was still present at membrane potentials more negative than -70 mY. Its precise reversal was generally difficult to determine because during hyperpolarization its early phase became occluded by the predominant depolarizing IPSP A'
The efficacy of the IPSP was determined by delivering a strong stimulus to an afferent pathway during depolarization-induced repetitive firing (Fig. 11C) . A control response with the same current intensity is also illustrated to demonstrate that the hyperpolarization seen in Fig. 11 C was not due to a prominent AHP after the cell's rapid initial discharge (Fig. lID) . In the second half of the 200-ms control response the CA 1 cell was firing at a mean frequency of 46 Hz (Fig. 11 D) . During the successive current pulse the Schaffer collateral input was activated with a single shock at twice the spike threshold intensity (Fig. 11 C) . The resulting IPSP was effective in completely suppressing depolarization-induced firing for the remainder of the pulse ( 117 ms). 
ms
FIG. 11. Strong synaptic stimuli (t) elicited an EPSP jIPSP sequence in 2 axo-axonic cells, here in subficld CA 1, in response to Schaffer collateral (A and C) or perforant path (B) stimulation. IPSPs were composed of 2 components, (A) an early IPSP A with a mean reversal potential of -66.5 mV and (B) a late IPSPB (e; membrane potential -68 mY) with an average duration of 671 ms. C: efficacy of the early IPSP (_) in preventing CA 1 axo-axonic cells from firing was determined by delivering a strong synaptic stimulus to the Schaffer collaterals concomitant with a suprathreshold depolarizing current pulse. The resulting IPSP was effective in completely suppressing depolarization-induced firing for the remainder of the current pulse. D: control response to the same amplitude current injection but without synaptic stimulation. The traces i n A, C, and D are from the cell illustrated in Fig. 1 . Membrane potential -67 mY.
DISCUSSION
Employing intracellular recording techniques and subsequent filling with the marker biocytin it was feasible to characterize physiologically a population of GABAergic hippocampal interneurons, the axo-axonic cells, which are morphologically homogeneous with respect to their efferent connectivity. This approach was taken because several previous studies already indicated that hippocampal interneurons in different layers were not only diverse in their physiological properties (Kawaguchi and Rama 1987, 1988; Lacaille and Schwartzkroin 1988a; Lacaille and Williams 1990 ) but may also differ in their postsynaptic effects on the respective principal cell population (Lacaille et al. 1987; Lacaille and Schwartzkroin 1988b; Miles 1990; Miles and Wong 1984) .
Anatomic properties of identified axo-axonic cells
Employing the Golgi-impregnation method and intracellular filling techniques axo-axonic cells were previously encountered in subfield CA! and the dentate gyrus of the mammalian hippocampus Hanet al. 1993; Kosaka 1980 Kosaka ,1983 Li et al. 1992; Somogyi et al. 1983 Somogyi et al. , 1985 Soriano and Frotscher 1989; Soriano et al. 1990) . From these studies it emerged that axo-axonic cells constitute a unique type of hippocampal local circuit cell with its output strictly confined to the initial segment of their respective postsynaptic target cells. In this study their highly distinctive light microscopic features enabled the morphological identification of a total of 17 axo-axonic cells that were encountered in all hippocampal subfields. Whenever used, electron microscopy confirmed the correctness of the light microscopic assessment. Labeled terminals invariably established their synapses only with the initial segment of their respective target cells even when the initial segments were outside their normal layer, e.g., in the stratum radiatum. Finally, in agreement with previous results (Somogyi et al. 1985) , the GABAergic nature ofaxoaxonic cells was ascertained using antibodies directed against GABA and a highly sensitive immunogold-silver intensification procedure .
The anatomic observations presented above largely confirm those of previous studies Han et al. 1993; Li et al. 1992; Somogyi et al. 1983 Somogyi et al. , 1985 Soriano and Frotscher 1989; Soriano et al. 1990) . Two findings, however, appear to be noteworthy. First, all hilar axoaxonic cells and, surprisingly, even one neuron that was clearly positioned in the pyramidal cell layer of subfield CA3 (CA3c) had several of their dendrites penetrating the granule cell layer and ascending into the dentate molecular layer. This observation corroborates our physiological data showing short-latency synaptic activation of hilar axo-axonic cells after stimulation of perforant path fibers. Thus it appears that hilar axo-axonic cells may receive direct entorhinal input. Likewise, all axo-axonic cells in the CA1 area had extensive dendritic tufts in the stratum lacunosum moleculare, which is also targeted by a substantial entorhinal projection (Witter et al. 1988) . Second, light microscopic estimates indicated that a CA1 axo-axonic cell in a 400-p,m slice may contact as many as 686 pyramidal cells. When compared with the number of postsynaptic targets of an axo-axonic cell that was filled under in vivo conditions and reconstructed from the whole brain (n = 1,214; Li et al. 1992) it appears that about half of the cell's total axonal arbor may be contained in a 400-p,m-thick slice preparation. Therefore a substantial part of the functional circuits involving axo-axonic cells may be preserved in conventional slice preparations.
Comparative electrophysiology: axo-axonic and principal cells
Our results clearly show that axo-axonic cells have distinct membrane and firing properties that allow them to be unambiguously discriminated from the prevalent principal cell types, such as the pyramidal cells of the Ammon's horn or granule and mossy cells of the dentate gyrus. All cells had relatively short time constants and fast, nonovershooting action potentials that were usually followed by a deep fAHP, properties in which they differ markedly from principal neurons (Brown et al. 1981; Fricke and Prince 1984; Scharfman 1992; Spencer and Kandel 1961; Storm 1987; Wong and Prince 1981) . Other distinguishing properties, most notably spike frequency adaptation and the presence of afterpotentials, such as DAPs and IAHPs, were of lesser discriminatory value. Although generally present in principal cells of the hippocampus (for review see Schwartzkroin and Mueller 1987) these features were also found in a minor proportion ofaxo-axonic cells.
Comparative electrophysiology: interneurons
In many of their membrane and firing properties axo-axonic cells were similar to those previously reported for interneurons in the stratum oriens and pyramidal layer of the CA 1 area (Ashwood et al. 1984; Kawaguchi and Hama 1988; Lacaille 1991; Lacaille and Williams 1990; Lacaille et al. 1987; Schwartzkroin and Mathers 1978) , in the dentate gyrus (Misgeld and Frotscher 1986; Scharfman 1991; , and in cortical interneurons (Connors and Gutnick 1990; McCormick et al. 1985) . When comparing these data it appears that interneurons in these cortical regions share several properties, such as a short time constant or a shortduration action potential that is mainly due to the very rapid rate offall of the action potential (McCormick et al. 1985) , presumably mediated by particularly strong repolarizing potassium currents (Hamill et al. 1991; Scharfman 1991 ) . The latter notion would also explain our finding and those of previous studies showing that interneurons may have relatively small-amplitude, barely overshooting action potentials (Ashwood et al. 1984; Lacaille et al. 1987 Lacaille et al. , 1989 Schwartzkroin and Kunkel 1985; Schwartzkroin and Mathers 1978) . Likewise, the same potassium conductance that appears to "clip" the action potentials may be also responsible for the large-amplitude fAHP, which is a very consistent feature of most hippocampal and neocortical intemeurons (Lacaille and Williams 1990; McCormick et al. 1985; Misgeld and Frotscher 1986; Schwartzkroin and Mathers 1978) .
Differences between interneuron properties are evident when comparing such parameters as RMP, input resistance, and the rate of spontaneous firing. Many of these measurements may, however, not reflect intrinsic properties of the cells but rather the quality of impalement or other extraneous factors, such as the temperature and composition of the ACSF. In this respect it is interesting to note how, for example, the parameters that have been reported for dentate granule cells differ between individual studies (compiled in Lambert and Jones 1990) .
Apart from these rather variable factors, a number of other parameters appear to discriminate local circuit cells of the molecular layer (Kawaguchi and Hama 1987, 1988; Lacaille and Schwartzkroin 1988a ) from axo-axonic cells. The former are characterized by relatively long-duration action potentials CA1 half-amplitude 0.61 ms (Kawaguchi and Hama 1988) vs. 0.39 ms for axo-axonic cells], they display anodal break excitation and may fire bursts of action potentials in response to membrane hyperpolarization (Lacaille and Schwartzkroin 1988a) . In this respect axo-axonic cells resemble more closely intemeurons of the pyramidal cell layer (Ashwood et al. 1984; Kawaguchi and Hama 1988; Lacaille 1991; Schwartzkroin and Mathers 1978) , although this similarity may partially reflect the fact that axo-axonic cells constitute a substantial proportion of this morphologically heterogeneous population .
In most oftheir intrinsic properties axo-axonic cells were also similar to the population of stratum oriens-alveus interneurons of the CA1 region (Lacaille et al. 1987; Lacaille and Williams 1990) ; for example, all cells show a certain degree of spike frequency adaptation. However, despite their overall similarity, stratum oriens-alveus interneurons have a substantially longer action potential (0.55 ms at half-amplitude) and show a marked degree of time-de pendent inward rectification as well as anodal break excitation (Lacaille and Williams 1990) . It remains to be determined whether these differences in the intrinsic properties of interneurons reflect their electrical geometry, a differential distribution or density of channels, or possibly a different composition of channels. In this respect it is interesting to note that when comparing neocortical pyramidal and stellate cells (the latter presumed to be largely GABAergic local circuit cells), both all-or-none as well as quantitative differences in the expression of channels may exist (Hamill et al. 1991 ).
Variability of physiological properties
As yet there is no anatomic evidence indicating that axoaxonic cells are heterogeneous in their connections. On the contrary, all available data suggest that axo-axonic cells are an example of a stereotyped population oflocal circuit cells. However, in vitro they were found to be surprisingly diverse in several of their intrinsic physiological properties, namely the degree of spike frequency adaptation, the variable expression of a DAP, appearing in conjunction with spike doublets and, finally, the presence or absence of a marked IAHP.
One possible explanation for this physiological diversity would be that axo-axonic cells constitute a heterogeneous class of cells. Although this finding is difficult to reconcile with the anatomic data, an alternative but equally simple explanation is that axo-axonic cells in vitro may show functionally different states of activity similar to hippocampal lacunosum moleculare interneurons that can change their mode of firing from "sustained" to "burst" in response to membrane hyperpolarization (Lacaille and Schwartzkroin 1988a) . In thalamic neurons this transition between discharge modes is attributable to a low-threshold voltage-dependent calcium conductance (reviewed in Llinas 1988) , which is also present in lacunosum moleculare interneurons (Fraser and Mac Vicar 1991) . The presence or absence of such a conductance in axo-axonic cells remains to be tested. The spike frequency accommodation that follows an initial acceleration of the firing rate may be due to the activation of a calcium-dependent potassium current (Madison and Nicoll 1984; Storm 1987 Storm , 1990 . Such a conductance may also be responsible for the concomitant generation of a long-lasting AHP that could follow depolarizing current pulses (Hotson and Prince 1980; Lancaster and Adams 1986) . In cortical and hippocampal pyramidal cells calcium influx has been also implicated in the generation of DAPs, which in turn may promote the occurrence of spike doublets and initiate burstiness (Connors et al. 1982; Costa et al. 1991; Friedman and Gutnick 1989; Wong and Prince 1978) .
Synaptic excitation ofaxo-axonic cells
Whenever tested, axo-axonic cells invariably responded with a short-latency EPSP after stimulation of afferent pathways. Thus a monosynaptic activation ofaxo-axonic cells by hippocampal afferents appears likely. They may therefore participate in feedforward inhibition of the principal cell population, as has been repeatedly proposed for hippocampal interneurons that were identified on morphological and / or physiological grounds (Ashwood et al. 1984; Buzsaki 1984; Frotscher 1991; Frotscher and Zimmer 1983; Lacaille 1991; Scharfman 1991; Taube and Schwarzkroin 1987) . Consistent low-threshold activation by pathways with spatially restricted termination fields is corroborated by the finding that axo-axonic cells extended their dendrites throughout all hippocampal layers. It appears, therefore, that axo-axonic cells may integrate inputs from a broad range of hippocampal afferents. Moreover, axo-axonic cells in the CA 1 area had many of their basal dendrites within the lower stratum oriens and neighboring alveus, where the recurrent collaterals of principal cells form a dense plexus. This suggests that axo-axonic cells may also participate in feedback circuits. This notion is of functional relevance because the dendritic geometry of other hippocampal local circuit cells presumably reflects the spatially restricted availability of their inputs (Han et al. 1993) .
It is also noteworthy that stimulation of the CA3 area activated hilar axo-axonic cells that, in turn, innervate dentate granule cells. Thus a possible recurrent input from CA3 pyramidal cells may reduce granule cell activity and their mossy fiber output to the CA3 area. The anatomic basis for such a recurrent circuit was recently established by Li et al. ( 1994) who showed that CA3c pyramidal cells provide a significant input to the inner third of the molecular layer as well as the hilus of the rat dentate gyrus.
The examination of the voltage dependence of EPSPs that were elicited in axo-axonic cells rendered mixed results, which may reflect an intrinsic diversity of response properties. In axo-axonic cells of the CA 1 area the EPSP amplitude steadily increased with membrane hyperpolarization. In the absence of inwardly rectifying conductances this behavior would be consistent with the response being largely mediated by the excitatory amino acid glutamate, acting on non-NMDA receptors (Jones and Baughman 1988; Sutor and Hablitz 1989a,b) . And indeed bath-application of the NMDA glutamate receptor antagonist AP5 in two CA I axoaxonic cells left the amplitude of the control EPSPs unaffected, whereas the non-NMDA receptor antagonist CNQX resulted in a prominent reduction of the test response in two instances. Thus axo-axonic cells appear to resemble principal cells of the hippocampus, where EPSPs of the major afferent pathways appear to be predominantly due to the activation ofnon-NMDA-type excitatory amino acid receptors (Andreasen et al. 1989; Davies and Collingridge 1989; Lambert and J ones 1990 ; for review see Nicoll et al. 1990 ). However, despite the apparent predominance of non-NMDA receptor-mediated glutamatergic neurotransmission, it is noteworthy that application of the NMDA receptor antagonist AP5 in one of the cells was effective in reducing the late phase of the control EPSP. It is possible, therefore, that in normal medium NMDA receptors may be also involved in the generation of EPSPs in axo-axonic cells. Therefore axo-axonic cells resemble other CA 1 interneurons in strata oriens and radiatum, which show a variable contribution of both types of glutamate receptor, with some cells apparently lacking a demonstrable NMDA component (Sah et al. 1990) .
Deviating from the pattern observed in CA 1, the EPSP in an axo-axonic cell of the dentate gyrus showed a very different type of voltage dependence. Most notably, the ampli-tude of the test response increased markedly in the subthreshold region. This behavior may reflect either the voltage-dependent recruitment ofNMDA receptors (reviewed in Mayer and Westbrook 1987) , the contribution ofa noninactivating voltage-dependent sodium conductance, the activation of low-threshold calcium channels, or, possibly, a mixture of the above mechanisms (Deisz et al. 1991; Stafstrom et al. 1985; Sutor and Rablitz 1989a,b) .
Inhibitory control ofaxo-axonic cells
Strong, usually suprathreshold stimuli elicited IPSPs in axo-axonic cells. Their efficacy was demonstrated by revealing their ability to suppress depolarization-induced firing. Thus a feedforward and/or recurrent IPSP may explain why axo-axonic cells never responded with more than three action potentials after synaptic activation. This notion is supported by the finding that pharmacological removal of inhibition may increase the synaptic excitability of interneurons and uncover their ability to fire rapid bursts of synaptically evoked action potentials (Lacaille 1991; Misgeld and Frotscher 1986) .
Axo-axonic cell IPSPs had two components. A short-latency component of the IPSP reversed at -66.5 mV and may thus correspond to the chloride-mediated IPSP involving the activation of GABA A receptors in principal cells (Alger and Nicoll 1982a,b;  for review see Nicoll et al. 1990) . A similar component has been pharmacologically isolated in intemeurons of the guinea pig dentate gyrus and subfield CAl of the rat hippocampus (Lacaille 1991; Misgeld and Frotscher 1986 ). The IPSPs ofaxo-axonic cells also exhibited a late component that in its characteristics resembled the potassium-mediated IPSP that is due to the action of GABAB receptors Nicoll 1984, 1985; reviewed by Ogata 1990) . In several instances late IPSPs have been demonstrated in hippocampal intemeurons (Ashwood et al. 1984; Kawaguchi and Rama 1988; Madison and Nicoll 1988; Misgeld et al. 1989; Schwartzkroin and Mathers 1978) and their pharmacological modulation by GABAB receptor antagonists was recently shown for pyramidal cell layer intemeurons in area CAl of the rat hippocampus (Lacaille 1991) . Therefore axo-axonic cells correspond to the picture emerging from the analysis of other, as yet less well-defined intemeurons. It thus appears that axoaxonic cells receive GABAergic synapses that have pharmacological characteristics that resemble those of the principal cell population.
Concluding remarks
It has been suggested that the relative paucity of subthreshold currents in nonprincipal cells would be consistent with their role being largely the reliable, wide-band transformation of excitatory input into inhibitory output, with little need for modulation (Connors and Gutnick 1990; Ramill et al. 1991) . Although this may be true for some "fast-spiking" cells, this somewhat simplified concept may need to be revised. It is becoming increasingly evident that intemeurons from different hippocampal layers may vary in their physiological properties (Kawaguchi and Rama 1987, 1988; Lacaille 1991; Lacaille and Schwartzkroin 1988a; Lacaille and Williams 1990; Scharfman 1991) .
Moreover, data presented above have demonstrated that anatomically identified axo-axonic cells had firing properties (e.g., DAPs and spike doublets) that were generally assumed to be a characteristic of principal cells ( e.g., Lacaille and Williams 1990) . The reason why DAPs in particular have not been described for intemeurons may well be because of the fact that in the absence of anatomic verification such recordings were classified as originating from principal cell types. Finally, axo-axonic cells may serve as an example to demonstrate that even a morphologically homogeneous class of local circuit cell may be surprisingly diverse in its properties under in vitro conditions. Further studies will explore the postsynaptic effect of this unique type of cortical cell.
Since the acceptance of this paper, electron microscopic examination of a new set of interneurons has revealed cells that, in contrast to axo-axonic cells examined in this study, give synapses to both the axon initial segments and the somatodendritic region of pyramidal cells. Therefore 185 synaptic targets, with no less than 10 synapses for each axo-axonic cell reported in this study, have been re-examined. Thirteen of these cells made synapses only with axon initial segments, two of them made 1, one ofthem made 2 synapses with somata, thus having a preference of >90% for initial segments. One cell from the CA3 region, which is illustrated in Fig. 4D , made 40% of its synapses with initial segments, the remainder with dentrites and somata.
